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The implementation of surface-induced dissociation (SID) to study the fast dissociation
kinetics (sub-microsecond dissociation) of peptides in a MALDI TOF instrument has been
reported previously. Silicon nanoparticle assisted laser desorption/ionization (SPALDI) now
allows the study of small molecule dissociation kinetics for ions formed with low initial source
internal energy and without MALDI matrix interference. The dissociation kinetics of N(CH3)4

and N(CD3)4
were chosen for investigation because the dissociation mechanisms of N(CH3)4

have been studied extensively, providing well-characterized systems to investigate by collision
with a surface. With changes in laboratory collision energy, changes in fragmentation
timescale and dominant fragment ions were observed, verifying that these ions dissociate via
unimolecular decay. At lower collision energies, methyl radical (CH3) loss with a sub-
microsecond dissociation rate is dominant, but consecutive H loss after CH3 loss becomes
dominant at higher collision energies. These observations are consistent with the known
dissociation pathways. The dissociation rate of CH3 loss from N(CH3)4
 formed by SPALDI
and dissociated by an SID lab collision energy of 15 eV corresponds to log k  8.1, a value
achieved by laser desorption ionization (LDI) and SID at 5 eV. The results obtained with
SPALDI SID and LDI SID confirm that (1) the dissociation follows unimolecular decay as
predicted by RRKM calculations; (2) the SPALDI process deposits less initial energy than LDI,
which has advantages for kinetics studies; and (3) fluorinated self-assembled monolayers
convert about 18% of laboratory collision energy into internal energy. SID TOF experiments
combined with SPALDI and peak shape analysis enable the measurement of dissociation rates
for fast dissociation of small molecules. (J Am Soc Mass Spectrom 2009, 20, 957–964) © 2009
Published by Elsevier Inc. on behalf of American Society for Mass SpectrometryDetails of the dissociation mechanisms and dis-sociation rates of ions under given energy-transfer conditions remain a subject of intense
study. Tandem mass spectrometry (MS/MS), with a
wide range of ion activation methods, has been used to
investigate dissociation mechanisms [1–8]. Collision-
induced dissociation (CID) is the most common activa-
tion method applied in MS/MS. An alternative tech-
nique to CID, surface-induced dissociation (SID) [8] has
been successfully used for ion fragmentation studies of
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doi:10.1016/j.jasms.2009.03.001small molecules [9–14], peptides [15–23], and large
molecules and macromolecular assemblies such as pro-
teins and protein/protein complexes [24–26]. Other
aspects of SID have been reviewed elsewhere [27–29].
Compared to CID, SID has several advantages. Most
notably, SID is a single-collision process with a defined
impact plane and arrival time, a very fast activation
time [30], and high kinetic to internal energy conversion
efficiency. Rice–Ramsperger–Kassel–Marcus (RRKM)
modeling has successfully explained unimolecular de-
cay processes by SID [18–20]. Dynamics simulations
have also been carried out to investigate ion-surface
collisions [31, 32].
Matrix-assisted laser desorption/ionization surface-
induced dissociation time-of-flight (MALDI SID TOF)
spectra of small peptides, such as des-R1-bradykinin
and des-R9-bradykinin, were reported previously [21].
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ten to hundreds of nanoseconds timescale, suggesting
the involvement of a fast unimolecular decay process.
The rate of these decay processes depends on the collision
energy. As the collision energy is increased, the fragmen-
tation efficiency of the precursor ion increases. This is
accompanied by an increase in the intensity and the
number of fragment ions as the collision energy is in-
creased. A study of the different fragmentation time-
scales and patterns associated with the varying collision
energies suggests that the predominant fragmentation
processes for MALDI SID TOF of des-R1 and des-R9
bradykinin are fast unimolecular decay [21] rather than
the alternative pathway of shattering [19].
Although our modified MALDI TOF instrument was
successfully combined with SID to explore fast dissoci-
ation processes, the study of small molecules was com-
plicated by MALDI matrix interference. Recently, the
Wysocki group has reported ionization via silicon nano-
particle assisted laser desorption/ionization (SPALDI)
[33–35]. SPALDI has been successful in generating molec-
ular ions from analytes ranging in size from small organ-
ics such as N(CH3)4
 to peptides without matrix assis-
tance and with much lower laser fluence than MALDI or
laser desorption/ionization (LDI).
N(CH3)4
 has received much attention because of its
characteristic dissociation patterns. Dissociation kinet-
ics of N(CH3)4
 have been studied by different methods
such as SID in a triple quadruple instrument [11], CID
in a sector instrument [36], and by RRKM calculations
[37]. RRKM results show that CH4 loss is dominant at
very low internal energies, but that the rate of CH3
elimination increases faster than that of CH4 loss with
increasing energy. CH4 elimination takes place through
two reaction pathways: a direct elimination by rear-
rangement of N(CH3)4
 and consecutive losses of CH3
and H. Experimental results show that the increase of
CH4 loss at high energies occurs through the consecu-
tive reaction rather than by rearrangement. Detailed
experiments and calculations found that CH3 loss is
more dominant above 400 kJ/mol internal energy than
CH4 elimination and at higher internal energies CH3
loss is always faster than CH4 elimination by rearrange-
ment. N(CD3)4
 was shown to have the same reaction
paths as those of N(CH3)4
 [36]. In the present study,
N(CH3)4
 and N(CD3)4
 were selected as model sys-
tems for SPALDI SID TOF experiments with peak shape
analysis. The molecular ions are generated by SPALDI
or LDI and activated by a single collision with a surface
and the peak shapes of resulting fragment ions are
analyzed to interpret fragmentation kinetics. The peak
shape analysis model is implemented by a convolution
of the first-order unimolecular dissociation process
with the arrival time distribution at the surface, result-
ing in an estimated rate for CH3 (CD3) loss and an
evaluation of relative differences in extents of source
activation by SPALDI and LDI.Experimental
A MALDI TOF instrument (Proflex, Bruker Daltonics,
Billerica, MA, USA) was modified by introducing an
SID setup as reported previously and presented in
Figure 1 [21]. Briefly, a flange-mounted surface assem-
bly was introduced into the time-of-flight tube behind
the reflectron ion optics. The surface assembly consists
of a collision target with a brass holder and a Ni grid
(20-line mesh; BMC Industries Inc., St Paul, MN, USA),
which were electrically isolated from each other by a
5-mm-thick Macor spacer. The extraction grid, a brass
holder, Macor spacers, and a collision target were
mounted on a custom-built assembly consisting of a
z-movable stage (model BLM-2751; MDC, Hayward,
CA, USA) combined with a set of hinges, allowing
variation of the angle between the target surface and the
plane parallel to the last reflectron electrode. The colli-
sion energy for singly charged ions is defined by the
voltage difference between the target plate of the source
and the collision target. The delayed extraction scheme
previously used in the SID ion extraction region [21]
was not used in the present experiments because uni-
form and consistent extraction electric fields are desired
for the peak shape analysis model. The surface setup is
interchangeable with a floating detector (Bipolar MCP,
Burle, Lancaster, PA, USA), which has a similar dimen-
sion to the SID setup. The detector has the capability of
floating at similar electric potential as that of the colli-
sion target, so the voltage difference between the float-
ing detector and the surface is the same as the collision
energy. Changing voltages of the floating detector en-
ables the measurement of the arrival time distribution
of the ion packet corresponding to different collision
energies.
The peak shape analysis model assumes a first-order
unimolecular decay process for parent ion dissociation,
as shown in Figure 2. The fragment ion intensity
increases exponentially as the parent ion intensity de-
creases exponentially. This exponential curve (which
Figure 1. Schematic diagram of MALDI SID TOF modified from
Bruker Proflex.
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ment at a given time after activation) is convoluted with
the arrival time distribution of the ion packet at the
surface (a distribution that is experimentally obtained
by using the floating detector). For the curves shown in
Figure 2, log k values of 7.5, 8.0, and 8.5 are illustrated
for the parent ion decay and the mean value of 25 ns
and standard deviation value of 7 are used for the
arrival ion distribution, values similar to actual experi-
mental results. The kinetic energy distribution of the ion
packet arriving at the surface is not known accurately
and needs to be studied further, but that is outside of
the scope of the present work. We also assumed that
there is no significant kinetic energy release associated
with the losses under investigation [36]. Only the sur-
face arrival time distribution is considered at this point.
The dissociation rate inversely affects the peak width as
shown in Figure 2: as dissociation rates increase, the
convoluted model peak becomes narrower (log k 8.5).
Conversely, slower reactions cause peak broadening
(log k  7.5). This calculated convoluted peak is com-
pared with the experimental results to estimate the
average dissociation rate of a specific dissociation path-
way. For the direct CH3 loss and consecutive H loss of
N(CH3)4
, a first-order unimolecular decay model with
consecutive reactions was applied for convolution [38].
The fragmentation pathway considered and the corre-
sponding rate expressions are shown as eqs 1–3. A1
represents for the precursor ion, N(CH3)4
, A2 is the
fragment ion corresponding to CH3 loss, and A3 is the
product formed after consecutively losing CH3 and H.
Equations 2 and 3 were convoluted with the ion arrival
distribution and various k1 and k2 were applied to
establish the best peak fit.
Figure 2. Peak shape analysis model (a) fragment ion formation
at log k values of 7.5, 8.0, 8.5; (b) incoming ion arrival distribution
at the surface; (c) convolution of (a) and (b).A1¡
k1
A2¡
k2
A3 (1)A2
A10k1
k2 k1
ek1t ek2t (2)
A3 A10 1 k2k2 k1ek1t k1k2 k1ek2t (3)
A chemically modified gold surface was used in the
SID experiments. Glass surfaces coated with a 50-Å layer
of titanium followed by a 1000-Å layer of gold (Evapo-
rated Metal Films Corp., Ithaca, NY, USA) were used as
substrates for preparing the SID collision targets. The
Au-coated slide was UV cleaned for 15 min (Boekel UV
cleaner model 135500; Boekel Industries, Inc., Feaster-
ville, PA, USA), rinsed with ethanol, and immersed in a
1 mM ethanolic solution of 2-(perfluorodecyl)ethane-
thiol [fluorinated self-assembled monolayer (FSAM),
CF3(CF2)9(CH2)2SH, C12F10] for 24 h. After 24 h, the
surface was immersed in ethanol and cleaned in an
ultrasonic bath for 1 min. The sonication was re-
peated for a total of six cycles using fresh ethanol
each time. Hydrogenated SAM surfaces were prepared
in the same manner, using hexadecanethiol [HSAM,
CH3(CH2)15SH, C16F0] instead of C12F10. The thiols
used for SAM formation on the SID collision target
were synthesized by the Chemical Synthesis Facility of
the Department of Chemistry and Biochemistry, Uni-
versity of Arizona. The surface preparation technique is
further explained elsewhere [39]. N(CH3)4
 was pur-
chased as the hydroxide from Sigma–Aldrich (St. Louis,
MO, USA) and dissolved in 25% wt methanol.
N(CD3)4
 was purchased from Cambridge Isotope Lab-
oratories Inc. (Andover, MA, USA) as the chloride.
SPALDI and LDI were used for the desorption/
ionization methods. SPALDI has been introduced by the
Wysocki research group and the details were reported
elsewhere [33]. The 30-nm silicon particles purchased
from Meliorum Technologies Inc. (Rochester, NY, USA)
were oxidized with 10%HNO3 by 30-min sonication and
dried thoroughly in a vacuum concentrator. The oxi-
dized particles were derivatized with (heptadecafluoro-
1,1,2,2-tetrahydrodecyl)dimethylchlorosilane (C10) for
10 h at 90 °C, rinsed with isopropanol, and stored in
perfluorohexane (Fluka, St. Louis, MO, USA). N(CH3)4

or N(CD3)4
 at a concentration of 100 pmol/L was
mixed with derivatized silicon particles in a 1:1 ratio of
isopropanol/H2O and was deposited on a commercial
MALDI plate. For LDI, N(CH3)4
 or N(CD3)4
, at a
concentration of 100 pmol/L, was deposited directly
on the MALDI plate. For SPALDI and LDI, samples
were directly irradiated by the N2 laser (VSL337i, Laser
Science Inc., Newton, MA, USA), whose maximum
energy is 150 J, operated at a repetition rate of 3 Hz for
both ionization methods. For each spectrum shown
here, spectra from at least 200–300 laser shots were
averaged to increase signal to noise ratios.
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Studies were performed on the MALDI SID TOF instru-
ment to determine compatibility of N(CH3)4
 with LDI
and SPALDI. In this MALDI SID TOF instrument, LDI
of N(CH3)4
 without silicon powder requires 50–60%
of the total laser intensity (50–40% attenuation) and
MALDI of small peptides such as YGGFLR and brady-
kinin require about 65–80% laser intensity (35–20%
attenuation) to generate precursor ions. By contrast,
SPALDI of N(CH3)4
 requires only 5% laser intensity
(95% attenuation), which is very low compared to that
of LDI and MALDI. After the success of the initial
experiments, N(CH3)4
 generated by SPALDI was sub-
sequently subjected to SID. To obtain strong fragment
ion signals for peak shape analysis, intense parent ion
beams are required before the surface collision, so 25%
laser intensity (75% attenuation) was used for the
SPALDI experiments. Before dissociation of the parent
ion, it is important to confirm that only N(CH3)4
 is
desorbed from the source. Voltages higher than 9 kV,
which is the source acceleration voltage, were applied
to the surface to turn incoming ions to avoid hitting the
surface. In this experiment only the precursor ion was
observed, as shown in Figure 3a, confirming the ab-
sence of other ions that might have been generated at
the source. LDI of N(CH3)4
 showed the same result
(data not shown). After this confirmation, surface volt-
Figure 3. SPALDI SID TOF of N(CH3)4
 on fluorinated SAM
(a) parent ion turning; (b) SID at 15 eV; (c) SID at 20 eV; (d) SID at
45 eV; (e) best peak fit of (b) corresponds to log k  8.1 and log1
k2  8.3.ages were lowered to cause collisions between incom-
ing ions and the surface.
SPALDI SID TOF of N(CH3)4
, which is shown in
Figure 3b–d, yielded different dissociation pathways as
a function of collision energy. With a change in labora-
tory collision energy of the ions there was a change in
the internal vibrational energy deposition, which led to
observation of variations in the fragmentation timescale
and dominant fragment ions. The fact that the dissoci-
ation of N(CH3)4
 varies as a function of internal
energy demonstrates that the dissociation is unimolecu-
lar and consistent with previously reported data [11,
36]. Figure 3b shows the first fragmentation channels
are CH3 loss and CH4 loss. The CH4 loss might be from
rearrangement dissociation of CH4 or CH3 cleavage
followed by H loss. Reducing collision energies to less
than 15 eV generated CH3 loss predominantly in this
given observation time window, but the fragment ions
at even lower collision energies are difficult to measure
because of kinetic shifts. If a low enough collision
energy was given to produce an ion internal energy of
less than 400 kJ/mol, and a longer observation time
window was provided, CH4 loss should have been
detected predominantly according to previous studies
[37]. The spectrum shown in Figure 3c was observed at
5 eV higher SID collision energy than that in Figure 3b,
and shows a preference of overall [CH3  H] loss over
CH3 loss. Figure 3d at 45 eV SID energy shows that the
parent ion does not survive and multiple dissociation
pathways are observed at this collision energy. Figure 3
shows that at lower collision energy CH3 loss is domi-
nant, but additional H loss after CH3 loss becomes
more dominant at higher collision energy. This overall
[CH3  H] loss occurs at high internal energy with fast
dissociation time. As previously mentioned, CH4 loss
by rearrangement occurs at low internal energy with
very long dissociation time frame, so CH4 rearrange-
ment is not involved in this case. The signal-to-noise
(S/N) ratio and resolution are not as high as those of a
previously reported experiment [21]. Although delayed
extraction would improve the S/N ratio and resolution,
delayed extraction in the surface region was not used,
to keep electric fields static and uniform inside the
instrument. This is important to simulate the dissocia-
tion and apply peak shape analysis without added
complexity.
Figure 4 shows the SID energy resolved MS/MS data
indicating the branching ratio of each reaction channel
shown in Figure 3 with the ratios calculated based on
peak areas. The areas of each peak representing indi-
vidual fragmentation channels were normalized at each
collision energy and the relative areas of fragmentation
channels were compared. CHx is the sum of both CH3
and [CH3  H] losses because, at higher collision
energies, the CH3 loss product continues to dissociate,
leading to a net loss of CH4 and the resolution of the
experiment is not sufficient to separate these peaks well
at higher collision energies. At even higher collision
energies, the precursor ion loses multiple carbon units
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corresponding to further fragmentation. The peaks are
not identified by numbers of hydrogens. Consistent
with Figure 3, as the collision energy increases more
dissociation occurs and the lower m/z fragments be-
come dominant. Figure 4 clearly shows that fragmenta-
tion patterns vary significantly and systematically with
different collision energies, which is a typical character-
istic of unimolecular decay.
Peak shape analysis was carried out for the CH3 and
subsequent H losses at the collision energy of 15 eV and
the result is shown in Figure 3e. At 15 eV, the surface
arrival distribution obtained by replacing the surface
with the floating detector was 25 ns at full width of
half-maximum (FWHM). A Gaussian distribution with
mean value of 25 ns and standard deviation value of 7
was used for the surface arrival distribution. Similar
mean and standard deviation values, measured by the
floating detector for different collision energies, were
used for later peak fittings. Because the formal CH4 loss
is really two consecutive reactions involving CH3 and H
losses, rate expressions for first-order consecutive uni-
molecular dissociation were considered. Plots with dif-
ferent dissociation rate constants k were used for con-
volution with the arrival time distribution to fit to the
experimental results and log k1  8.1 for CH3 loss and
log k2  8.3 for subsequent H loss provided the best fit.
The fastest dissociation reaction that the instrument can
measure is 2 ns because of the maximum rate of the
digitizer, which corresponds to log k  8.7 and the
slowest reaction measurable for N(CH3)4
 is about 170
ns, corresponding to a log k of 6.8. The obtained match
of log k  8.1 confirms that the CH3 loss takes place
within the time window of the SID TOF instrument and
the peak shape analysis model gives a reasonable
dissociation rate.
The obtained log k  8.1 can be compared with the
RRKM curve from the work of Hudson et al. [37]. At a
decay rate of log k  8.1, the ion internal energy is
roughly 570 kJ/mol which is about 5.8 eV. This 5.8 eV
Figure 4. Energy resolved MS/MS curve of N(CH3)4
 based on
Figure 3.includes the initial energy deposition from the ioniza-tion process and the translational energy (T) to internal
vibrational energy (V) conversion during the surface
collision. If the initial energy deposition during ioniza-
tion is neglected—a poor assumption—one would cal-
culate that 41% of the translational energy is converted
to the internal vibrational energy for a 15 eV collision.
The energy conversion of fluorinated SAM surfaces has
been reported to reach about 20–30%, suggesting that
ionization probably contributes some initial internal
energy into the ion packet [40, 41]. The initial energy
deposition of SPALDI has been estimated as about
2.7–3.6 eV for substituted benzylpyridinium ions [35].
Considering the midpoint of this range of initial ener-
gies, it can be concluded that about 18% of translational
energy was converted into internal vibrational energy
on a fluorocarbon surface, which is consistent with
previous results. A source energy of around 3 eV is
reasonable, given that CH3 loss from N(CH3)4
 has an
appearance energy about 3.2–3.4 eV [36, 37] and the
acceleration field in the ion source defines the source
dissociation time (1 s) such that 5 eV would be
required to see source fragmentation and none was
detected (see Figure 3a) [37].
As mentioned earlier, SPALDI requires less laser
intensity than LDI [34, 35], which can lead to lower
internal energy deposition during the ionization pro-
cess. If an ion has high internal energy before SID, only
a small amount of additional energy is required to
overcome the energy barrier for dissociation. To inves-
tigate this effect further, LDI SID was used to compare
with SPALDI SID and the results are shown in Figure 5.
A 5 eV collision for LDI SID ions gives a similar SID
spectrum to a 15 eV collision for SPALDI SID and 10 eV
Figure 5. LDI SID TOF of N(CH3)4
 on fluorinated SAM (a) SID
at 5 eV; (b) SID at 10 eV; (c) SID at 16 eV; (d) best peak fit of
(a) corresponds to log k1  8.1 and log k2  8.0.
962 YOON ET AL. J Am Soc Mass Spectrom 2009, 20, 957–964for LDI SID compares well to 20 eV for SPALDI SID. A
CH3 loss at 5 eV of LDI SID gives log k  8.1 with a
consecutive H loss with a log k  8.0 by peak shape
analysis. The peak fit is shown in Figure 5d and is
similar to the result for 15 eV SPALDI SID shown in
Figure 3e. As shown in Figure 5, LDI SID needed about
10 eV less collision energy to observe the same dissoci-
ation phenomenon, which verifies that LDI-produced
ions are relatively “hotter” and SPALDI is a “colder”
ionization process. Because LDI deposits more internal
energy to the ion, less collision energy is required to
fragment the ion within the same time window. Earlier
results by the Wysocki group confirmed that SPALDI
deposits less internal energy than MALDI as well [33].
Therefore, the use of SPALDI for kinetics studies is
promising.
Dissociation kinetic studies with SPALDI and LDI
can be performed with other molecules to further verify
the applicability of the SID TOF instrument. It was
previously reported that N(CD3)4
 undergoes dissocia-
tion pathways that parallel those of N(CH3)4
 [36].
Deuterated N(CH3)4
 can be used to obtain larger peak
separations because deuterium is heavier than hydro-
gen, making the flight time difference between CD3 and
[CD3D] greater. The SID results for N(CD3)4
 formed
by LDI and SPALDI are shown in Figures 6 and 7,
respectively. Dissociation of deuterated molecules re-
quires higher energy than hydrogenated molecules be-
cause of the kinetic isotope effect. Both LDI (Figure 6)
and SPALDI SID (Figure 7) spectra showed that
N(CD3)4
 needs higher collision energies to reach the
same extents of dissociation as N(CH3)4
. Again, ions
Figure 6. LDI SID TOF of N(CD3)4
 on fluorinated SAM (a) SID
at 9 eV; (b) SID at 16 eV; (c) SID at 21 eV; (d) best peak fit of
(a) corresponds to log k1  7.9 and log k2  8.4.formed by SPALDI need higher SID energies than those
formed by LDI to show the similar extents of dissocia-
tion for the same compound. The baseline is fully
resolved and a log k value of 7.9 was obtained for CD3
loss and 8.4 for consecutive D loss at 9 eV SID with LDI
as shown in Figure 6d.
The peak shape modeling can also be applied to
explore the influence of surface type on dissociation
rate. Reactive ion scattering spectrometry (RISS) has
been applied to study a variety of surfaces [42]. Hydro-
genated surfaces are known to have lower energy
conversion efficiency than that of fluorinated surfaces
[41]. LDI SID TOF of N(CD3)4
 for collision with a
hydrogenated surface is shown in Figure 8; the best-fit
dissociation rate for CD3 loss was log k1  7.8 and
subsequent D loss was log k2  8.3. Compared with
Figure 6d, to have similar extents of dissociation and
log k values, the hydrogenated surface requires higher
SID collision energy, which confirms that hydrogenated
surfaces have lower energy conversion efficiency than
that of fluorinated surfaces. However, the surface stud-
ies using this approach are still at an early stage and
further studies are required for various surface types.
Conclusions
The feasibility of surface-induced activation in a TOF
instrument was reported previously. In this work, an
Figure 7. SPALDI SID TOF of N(CD3)4
 on fluorinated SAM
(a) SID at 27 eV; (b) SID at 34 eV.
Figure 8. LDI SID TOF of N(CD3)4
 on hydrogenated SAM
(a) SID at 23 eV; (b) best peak fit of (a) corresponds to log k  7.81
and log k2  8.3.
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kinetics of N(CH3)4
 and N(CD3)4
. Fast dissociation
channels of N(CH3)4
 and N(CD3)4
 were investigated
with a peak shape analysis model. Although this exper-
iment had lower resolution than that of previously
reported experiments because of the intentional lack of
a delayed extraction pulse at the surface, the fragment
ion peaks were resolved enough to apply the peak
shape model for CH3 (CD3) loss and subsequent H (D)
loss at low collision energies. Dissociation patterns
followed previously reported trends for unimolecular
dissociation and fast dissociation of CH3 (CD3) within
hundreds of nanoseconds was successfully observed
within the time window of the SID setup. The obtained
dissociation rate was reasonably well matched with
reported RRKM calculations considering initial ion
source energy deposition and T¡V energy conversion
efficiency of the FSAM surface. SPALDI gives less
internal energy deposition than that of MALDI and
LDI, which is an advantage for experimentally deter-
mining more accurate dissociation rates and energy
transfer from the surface. Additionally, this research
confirmed differences in energy deposition for different
surface types. In the future, kinetics of dissociation of
larger molecules such as peptides will be investigated
by this SID approach.
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